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Edited by Stuart FergusonAbstract Directed evolution by error-prone PCR was applied
to stabilize the cold-active lipase from Pseudomonas fragi
(PFL). PFL displays high activity at 10 C, but it is highly
unstable even at moderate temperatures. After two rounds of
evolution, a variant was generated with a 5-fold increase in
half-life at 42 C and a shift of 10 C in the temperature opti-
mum, nevertheless retaining cold-activity. The evolved lipase dis-
played speciﬁc activity higher than the wild type enzyme in the
temperature range 29–42 C. Biophysical measurements did
not indicate any obvious diﬀerence between the improved variant
and the wild type enzyme in terms of loss of secondary structure
upon heat treatment, nor a shift in the apparent melting temper-
ature.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Lid1. Introduction
The isolation and characterization of proteins from organ-
isms adapted to extreme environments is providing important
contributions to understanding a major topic of protein sci-
ence, i.e. the molecular strategies by which proteins achieve
the proper balance between stability and conformational ﬂex-
ibility. Biological activity, in fact, relies on a thermodynamic
compromise that allows proteins to maintain their native state
over a range of physical and chemical conditions (stability)
while they undergo conformational changes and movements
related to catalysis and to binding to ligands and other mole-
cules (ﬂexibility).
Cold-active enzymes produced by organisms adapted to live
in cold environments, the so-called psychrophiles, are paradig-
matic of evolutionary adaptation to low temperatures. Indeed,
catalysis is disfavoured in the cold since the rate of chemical
reactions decreases exponentially as temperature drops. ToAbbreviations: PFL, Pseudomonas fragi lipase; wt, wild type; PCR,
polymerase chain reaction; FT-IR, Fourier transform infrared spec-
troscopy
*Corresponding author. Fax: +39 02 64483565.
E-mail address: marina.lotti@unimib.it (M. Lotti).
1Present address: Institute of Pharmaceutical Sciences, ETH, Zurich,
Switzerland.
0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.05.037counteract this kinetic eﬀect, cold-adapted enzymes have
evolved ﬂexible molecular structures. Adaptive structural
changes are peculiar to each protein family and may include
– among others – reduced stabilizing interactions such as
hydrogen bonds and salt bridges, weaker metal binding sites,
longer loop regions, as well as a lower compactness and hydro-
phobicity of the protein core (reviewed in [1,2]). Flexibility can
extend to the whole protein or be concentrated around the en-
zyme active site and results in low activation enthalpy, im-
paired substrate aﬃnity and higher activity at low
temperatures. As a consequence of such structural changes,
most cold-active enzymes are inherently heat unstable and un-
dergo rapid inactivation at moderate and even low tempera-
tures [2,3]. Such unique features are valuable tools for
fundamental research about the structural determinants of
protein stability but, at the same time, intrinsic structural fra-
gility limits the possibility to perform detailed structural anal-
yses. For this reason, information about the structure and
conformation of cold-active enzymes has been gathered only
for a subset of proteins where cold adaptation is not accompa-
nied by a severe conformational instability. A deeper under-
standing of these features has also relevant applicative
importance, since cold-active enzymes are used in a range of
biotechnological transformations, in particular whenever their
stability, although marginal, is suﬃcient to keep the biocata-
lyst active throughout the process [4].
Several strategies towards the stabilization of enzymes have
been explored in recent years, including enzymatic or chemical
modiﬁcations, the use of additives, immobilization and ra-
tional protein engineering [5]. However, complex protein prop-
erties are diﬃcult to design, as they may rely on diﬀerent and
hardly predictable combinations of amino acids interactions.
In such cases, methods based on random mutagenesis or
DNA recombination followed by screening for improved per-
formances (directed evolution) might be more eﬀective [6–8].
Directed evolution has successfully addressed the molecular
bases of temperature adaptation in thermophilic, mesophilic
and psychrophilic enzymes [9,10]. The issue of stabilizing very
fragile cold-active enzymes, however, has yet to be ap-
proached.
We report about the stabilization, by means of directed evo-
lution, of the lipase from Pseudomonas fragi (PFL), a psychro-
phile isolated from refrigerated food. The recombinant wild
type protein expressed in Escherichia coli displays high activity
at 10 C, but it is easily inactivated, with a half-life of 4 h at
29 C [11]. In the best-performing variant both stabilization
and a shift in temperature dependence were obtained. Major
changes in structural stability were excluded by biophysical
analysis.blished by Elsevier B.V. All rights reserved.
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2.1. Construction and screening of the mutant library
Random mutagenesis was carried out by error-prone PCR (epPCR)
with the GeneMorph PCR Mutagenesis Kit (Stratagene) on the PFL-
encoding gene cloned in plasmid pQE30 [11]. 50 ll reaction mixture
contained 0.75 ng template DNA, 5 ll buﬀer, 40 mM dNTPs, 125 ng
of each primer and 2.5 U Mutazyme DNA polymerase. The reaction
was thermocycled for 30 cycles of 2 min at 94 C, 1 min at 94 C,
1 min at 50 C, 1 min 30 s at 72 C, 10 min at 72 C.
Primer sequences were as follows:
T5 forward: 5 0-CGGATAACAATTTCACACAG-30.
Lambda reverse: 5 0-CAGATGGAGTTCTGAGGTCA-3 0.
PCR products were checked by agarose (0.8% w/v) gel electrophore-
sis, puriﬁed using a DNA puriﬁcation kit (Qiagen), double-digested
with BamHI and HindIII and ﬁnally ligated with pQE30 restricted with
BamHI-HindIII. The ligation product was transformed into E. coli
DH-5a (Qiagen). Transformants were plated on LB-agar medium con-
taining 0.5% glyceryl tributyrate (Sigma), grown overnight at 37 C
and further incubated for 48 h at 4 C to detect clones producing active
lipases. Positive clones were replicated on new plates, grown at 37 C
and used to inoculate 96-well plates containing 300 ll LB (Luria-Ber-
tani) supplemented with 100 lg/ml ampicillin. After overnight growth
at 37 C, 100 ll of each culture was added to 185 ll of Tris–HCl
20 mM, pH 8 containing 1 mg/ml lysozyme to induce cell lysis
(30 min, 4 C) and the release of the recombinant lipase. A double
screening at 4 and 37 C (42 C in the second round of evolution)
was performed on each clone, using 0.1 mM pNP-laurate (Sigma) as
the substrate and following OD620 and OD405 for up to 120 min with
a Jupiter Reader (ASYS Hitech). Lipase activity was calculated as
the diﬀerence between OD405 at desired time and OD405 right after sub-
strate addition and ﬁnally normalized to OD620 to take into account
diﬀerences in cell density.
2.2. Production of lipase variants and activity assays
Evolved lipase genes were expressed in E. coli SG13009[pREP4]
(Qiagen) in batch cultures. Cells were grown overnight at 37 C in
LB medium supplemented with 100 lg/ml ampicillin and 25 lg/ml
kanamycin. Expression was induced by 0.4 mM isopropyl-1-thio-b-
D-galactopyranoside (IPTG) and cultivation was continued for 6 h at
27 C. Using this production protocol, target proteins are partly ex-
pressed in soluble form and can be puriﬁed as previously described
[11]. High-level expression was obtained from plasmid pET19 in
BL21 cells (Novagen).
Activity was determined at 29 C in a pH-Stat (718 STAT TITRI-
NO, Metrohm) by titrating with 0.01 M sodium hydroxide fatty acids
released from emulsions of 20 mM glyceryl trioctanoate (Sigma) with
2% arabic gum. The eﬀect of temperature on enzyme activity was as-
sessed by pre-incubating protein samples at selected temperatures be-
fore determining residual activity as above.3. Results
3.1. Directed evolution of stabilized lipase variants
Error-prone PCR was performed with a reaction set up that
gave an average of 3–7 mutations per Kb, as shown from the
sequence of 10 clones randomly selected after each cycle of
mutagenesis. Clones producing active lipases were identiﬁed
based on the formation of clariﬁcation halos on plates contain-Table 1
Amino acid substitutions and half-lives in lipase variants obtained by direct
Amino acid substitutions
WT –
DE-1-62 R127G, R152H
DE-2-4 R127G, R152H, D2Y, H30N
DE-2-6 R127G, R152H, R70S, V121I, T131K, K205Q, S271T
RD-4 D2Y, H30N
RD-6 R127G, R152H, K205Q, S271Ting tributyrin and then assayed more in detail in reactions of
hydrolysis of a chromogenic substrate. Enzyme variants were
further characterized if they had higher residual activity at
37 C and activity at 4 C was equal to the control, i.e. wild
type PFL in the ﬁrst round of evolution and the parent se-
quence in the second. After the ﬁrst cycle, 1097 active clones
(out of 2380 produced) yielded two variants with slightly im-
proved thermostability. Mutant DE-1-62 was used as the par-
ent for the second round of error-prone PCR, which generated
a library of 8053 clones, out of which 2640 released active li-
pases. Two stabilized variants were isolated from the second
generation and marked as DE-2-4 and DE-2-6. DNA sequenc-
ing revealed two substitutions in the best variant from the ﬁrst
round, whereas 2 and 5 additional substitutions were accumu-
lated in DE-2-4 and DE-2-6 (Table 1).
Although random mutagenesis introduced substitutions in
the whole amino acid sequence, most substitutions mapped
in poorly structured regions with a preferential clustering in
the central part of the protein, where is located the lid (Fig.
1a), a mobile structure whose position (open or closed over
the active site cleft) determines if the enzyme is in the active
or inactive conformation. In the absence of a resolved crystal-
lographic structure, amino acid substitutions were localized on
a PFL structural model derived by homology modelling and
described in a previous work [11]. This model is consistent with
a structure conforming to the a/b hydrolase fold with a cata-
lytic center formed by the triad Ser83-His260-Glu238. The ﬁrst
round of mutagenesis introduced two substitutions within or
close to the lid structure at positions 127 (R127G) and 152
(R152H). Lipase DE-2-4 carried two additional replacements,
one of which (D2Y) at the very N-terminus of the protein and
the second, H30N, in the central beta-sheet. Variant DE-2-6
accumulated ﬁve additional substitutions, two within or close
to the lid (V124I and T131K) and three on loops (R70S,
K205Q and S271T) (Fig. 1b). The tolerance of ﬂexible peptide
stretches to amino acid changes is commonly observed in pro-
teins; in our experimental system we observed a further prefer-
ence of amino acid changes in these regions, fact that is very
likely related to their relevance in conferring thermal stability.
A preliminary characterization of the best-performing variants
showed signiﬁcant diﬀerences in their half-lives measured at 37
and 42 C, temperatures non-permissive for the wild type en-
zyme, albeit moderate (Table 1).3.2. Eﬀect of site mutations on PFL thermal inactivation
To perform a more detailed characterization of the evolved
variants, it was necessary to improve the yield of recombinant
protein using a better performing expression system, i.e.
pET19 vector and BL21 (DE3) cells. Highest yields of soluble
lipases were obtained when cells were grown at 37 C up to
OD600 0.4, then shifted to 17 C and induced after 30 min withed evolution (DE) and rational design (RD)
Half-life at 37 C (min) Half-life at 42 C (min)
83 19
98 38
>240 >100
132 52
125 44
154 47
Fig. 1. Localization of amino acid substitutions in lipase variants. (a)
PFL amino acid sequence with substitutions marked with ·, , or + for
DE-1-62, DE-2-4 and DE-2-6, respectively. Secondary structure
content prediction is indicated by H (helix) or E (sheet) according to
Jpred output. The lid region is marked by a continuous line. (b) 3D
model of PFL [11] with the lid depicted in light blue and the enzyme
active site marked by the space ﬁlling representation of residues of the
catalytic triad shown in pink. Sites substituted by mutagenesis are
marked by the side chain of the amino acid present in wild type PFL.
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12 h. Recombinant lipases puriﬁed by metal chelating chroma-
tography appeared homogenous in SDS–PAGE and were as-
sayed for residual activity as a function of the incubation
time at 37 and 42 C. While data reported in Table 1 indicate
a gain in stability for all lipases tested, the graph proﬁles in
Fig. 2 highlight interesting diﬀerences among enzymes. At
37 C, the wild type lipase and variant DE-1-62 displayed their
highest activity at the beginning of the test and were rapidly
inactivated, although with diﬀerent kinetics. Activity of both
lipases DE-2-6 and DE-2-4 increased after 40 min incubation
at 37 C, with a more pronounced eﬀect for the latter enzyme,
that almost doubled its activity (Fig. 2a). At the more severe
temperature of 42 C, the trend of inactivation was similar
although diﬀerences among proteins were more pronounced
(Fig. 2b): only lipase DE-2-4 exhibited a sharp activation, fol-
lowed by a decrease of enzyme activity more rapid than that
observed at 37 C. Nevertheless, after 120 min of incubation,this enzyme retained 50% of its original activity (data not
shown). Both variants DE-1-62 and DE-2-6 performed better
than the wild type in the short term, but dropped to 15%
and 30% residual activity after 80 min treatment.
To check for cumulative eﬀects of speciﬁc groups of substi-
tutions, additional variants where created by subcloning (Ta-
ble 1). From lipase DE-2-4 we obtained PFL RD-4 which
contains only substitutions D2Y and H30N. This enzyme be-
haved similarly to DE-1-62 (which contains only the two muta-
tions on the lid), thus showing that substitutions in DE-2-4 are
strongly cooperative. On the other hand, lipase RD-6 was gen-
erated from DE-2-6, in which two substitutions in regions pre-
dicted as loops (positions 205 and 271) were added to the ones
on the lid from the previous generation. This last variant per-
formed better than the original lipase DE-2-6, suggesting that
unfavourable interactions had been relieved. This eﬀect was
more evident at 37 C and decreased at the higher temperature
of 42 C (Fig 2a and b).3.3. Dissecting eﬀects on stability and on temperature
dependence
The shape of the inactivation curves reported in Fig. 2 sug-
gested complex and diﬀerential eﬀects of temperature on the li-
pases. Stability was therefore re-evaluated based on the slope
of the inactivation proﬁles taking the highest activity of each
variant as 100%. For sake of simplicity, only data at the more
challenging temperature of 42 C are shown in the inset of Fig.
2b. Although all variants performed diﬀerently than the parent
lipase, the two enzymes obtained in the second round of direc-
ted evolution followed the same inactivation kinetics, in only
apparent disagreement with the results reported in Fig. 2b.
In the same way, variant DE-2-4 (R127G, R152H, D2Y,
H30N) and its derivative RD-4 (D2Y, H30N) followed similar
inactivation kinetics although their activity proﬁle at 42 C was
quite diﬀerent. On the contrary, lipase RD-6 resulted to be as
unstable as the wild type enzyme. A gradual increase in the
Topt of the evolved lipases was indeed observed, with a shift
of more than 10 C in the DE-2-4 and similar behaviour in
all other variants, all being considerably diﬀerent from the wild
type proﬁle (Fig. 3). All mutants retained cold activity, even if
reduced in comparison with the wild type.
In order to further understand the molecular events at the
basis of the diﬀerent performances, we performed a more in
depth comparison of DE-2-4 with the wild type PFL. The spe-
ciﬁc activity of the evolved lipase was higher at any tested tem-
perature and it increased with temperature up to 42 C,
opposite to the wild type protein (Fig. 4). This behaviour
can help interpreting the enhanced activity observed upon
incubation at 37 and 42 C and may suggest important changes
in temperature adaptation. From the Arrhenius plots obtained
with the data reported in Fig. 4, we calculated the activation
energies of the two enzymes for the hydrolysis of glyceryl trio-
ctanoate. In the temperature range 20–29 C it was about
18.7 kJ/mol for the wild type and 29.5 kJ/mol for the evolved
lipase, suggesting some loss of cold activity in the mutant
PFL [12]. In the range 29–42 C (the Topt of the mutant),
the wild type lipase was inactivated, while the activation en-
ergy calculated for the lipase DE-2-4 was 9.3 kJ/mol. Struc-
tural stability was analyzed by Fourier transform infrared
spectroscopy on samples incubated for 20 min at 29, 42 and
99 C. The intensity of the relevant infrared bands at 1656
Fig. 2. Thermal inactivation proﬁles of lipase variants at 37 C (a) and 42 C (b) as a function of time. Solid lines represent enzymes obtained by
directed evolution (DE) and dashed lines variants obtained by subcloning (RD): wt (·), DE-1-62 (n), DE-2-4 (n), DE-2-6 (), RD-4 (h), and RD-6
(). The values are averages of at least three replicates. Inset: inactivation proﬁles with the highest activity measured for each clone taken as 100%.
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gates [13], showed no major diﬀerences between the two en-
zymes. In both cases, incubation at 42 C induced only
minor structural changes, although residual activity was
strongly impaired. Extensive unfolding was observed at
99 C for both enzymes (Fig. 5). Preliminary circular dichro-
ism measurements showed that the apparent melting tempera-
ture was about 48 C for both proteins (data not shown).4. Discussion
Studies on the stabilization of cold-active enzymes by pro-
tein engineering can be expected to bring deeper knowledgeabout the structural determinants of protein stability and to
generate biocatalysts active over a broad range of tempera-
tures.
In this work we focused on a bacterial enzyme extremely
unstable, even when compared to other enzymes from psychro-
philes. We show that the half life at 42 C of the evolved PFL
exceeded that of the wild type by 5-fold. This data is of impor-
tance if we consider that kinetic stability is a relevant parame-
ter for industrial enzymes, in several cases the only one that
can be assessed during the process [5]. Moreover, this lipase re-
tains activity at low temperature and is therefore quite versa-
tile. Analysis of the introduced substitutions showed that
three arginine residues were removed from the enzyme surface,
two from the lid and its proximity and the third from a region
Fig. 3. Temperature dependence of lipase activity. Activity values are given as percentages of activity displayed at 29 C, the Topt of wild type PFL.
Symbols are as in Fig. 2. The values are averages of at least three replicates.
Fig. 4. Speciﬁc activity of wt and DE-2-4 lipases determined at 15–20–
25–29–37–42 and 50 C.
Fig. 5. Structural loss of wt and DE-2-4 lipases incubated for 20 min
at 4, 42 and 99 C determined by FT-IR spectroscopy. Values are the
ratio between the intensity of the FT-IR bands at 1624 and 1656 cm1.
Values calculated at 4 C are arbitrarily set to zero.
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pected since many cold-adapted enzymes have a lower number
of arginine residues compared to thermostable homologues,
where they are involved in the formation of stabilizing salt
bridges. However, some cold-adapted enzymes escape this rule
[2,11,14]. In a previous work [11] we observed that the number
of arginine residues in PFL (24 Arg) is higher than the one in
closely related thermostable lipases, for example Burkholderia
cepacia lipase (9 Arg) and Pseudomonas aeruginosa lipase (11
Arg). Since most arginine residues in PFL are predicted to
be located on the protein surface and not involved in salt
bridges, they are likely to form interactions with water, thereby
enhancing ﬂexibility of the overall lipase structure [11]. All
other substitutions mapped in loops with the only exceptionof the amino acid at position 30. The preferential location of
stabilizing amino acid replacement in the lid region conﬁrms
previous reports obtained in our laboratory by site directed
mutagenesis [15] and suggests a key role of the lid structure
in PFL stability. The eﬀects of substitutions turned out to ex-
tend beyond a simple increase in structural rigidity. When
comparing the best variant with the wild type, we did not ob-
serve any obvious diﬀerence in the structural integrity, at least
for what concerns the content in secondary structure, nor any
diﬀerence in the apparent melting temperature, even at temper-
atures at which activity is strongly impaired. Thus, if deactiva-
tion does not depend on overall unfolding, we should
hypothesize that the main eﬀect of mutagenesis was to restrict
the temperature-dependent movements of ﬂexible protein
regions. Minor conformational changes would be therefore
2318 P. Gatti-Lafranconi et al. / FEBS Letters 582 (2008) 2313–2318responsible for the gain in activity and kinetic stability of the
cold-active lipase.
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